Ultrafast processes in matter, such as the electron emission after light absorption, can now be studied using ultrashort light pulses of attosecond duration (10 −18 seconds) in the extreme ultraviolet spectral range. The lack of spectral resolution due to the use of short light pulses has raised issues in the interpretation of the experimental results and the comparison with theoretical calculations. We determine photoionization time delays in neon atoms over a 40-electron volt energy range with an interferometric technique combining high temporal and spectral resolution. We spectrally disentangle direct ionization from ionization with shake-up, in which a second electron is left in an excited state, and obtain excellent agreement with theoretical calculations, thereby solving a puzzle raised by 7-year-old measurements.
A lthough femtosecond lasers allow for the study and control of the motion of nuclei in molecules, attosecond light pulses give access to even faster dynamics, such as electron motion induced by light-matter interactions (1) . During the last decade, seminal experiments with subfemtosecond temporal resolution have allowed the observation of the electron valence motion (2) , monitoring of the birth of an autoionizing resonance (3, 4) or the decay of a core vacancy (5) . Fast electron motion occurs even when electrons are directly emitted from materials upon absorption of sufficiently energetic radiation (the photoelectric effect). The time for the photoelectron emission (6) , called photoionization time delay (7, 8) , is typically on the order of tens of attoseconds, depending on the excitation energy and the underlying ionic core structure.
Photoemission has traditionally been studied in the frequency domain, using high-resolution photoelectron spectroscopy with x-ray synchrotron radiation sources, and such methods have provided a detailed understanding of the electronic structure of matter (9, 10) . Absorption of light in the 60 to 100 eV range by neon atoms, for example, leads to direct ionization in the 2s or 2p shells and to processes mediated by electronelectron interaction, leaving the residual ion in an excited state (often called shake-up) or doubly ionized (11) (12) (13) .
It may be argued that the high temporal resolution achieved in attosecond experiments prevents any spectral accuracy and thus may affect the interpretation of experimental results. This is especially true when different processes can be induced simultaneously and lead to photoelectrons with kinetic energies within the bandwidth of the excitation pulse. In fact, the natural trade-off between temporal and spectral resolution may be circumvented, as beautifully shown in the visible spectrum using high-resolution frequency combs based on phase-stable femtosecond pulse trains (14) .
Here, we bridge the gap between high-resolution photoelectron spectroscopy and attosecond dynamics, making use of the high-order harmonic spectrum obtained by phase-stable interferences between attosecond pulses in a train. Photoionization time delays of the 2s and 2p shells are measured in neon over a broad energy range from 65 to 100 eV, with high temporal (20 as) and spectral (200 meV) accuracy. Our spectral resolution comes from the sharpness of the harmonic comb teeth (harmonic bandwidth), which is larger than the spectral resolution of our spectrometer. Time delays are obtained by measuring spectral phase derivatives with an interferometric technique originally introduced for characterizing attosecond pulses in a train, called RABBIT (reconstruction of attosecond beating by interference of twophoton transition) (15, 16) . Temporal accuracy requires a stable and reproducible broadband extreme ultraviolet (XUV) waveform. In the limit of long infrared (IR) pulses, the temporal resolution is only limited by the stability of the interferometer and the spectral resolution by the resolving power of the electron spectrometer.
Our spectral resolution allows us to disentangle direct 2s ionization from shake-up processes, in which a 2p electron is ionized while a second is excited to a 3p state (11, 17, 18) . The experimental results for the difference between 2s and 2p time delays (Fig. 1A , yellow and red dots) agree with theoretical calculations performed within the framework of many-body perturbation theory (the solid black line). Our experimental observation of a shake-up process (diamonds) due to electron correlation also provides a possible explanation for the discrepancy between the pio-neering result of Schultze et al. (7) (square) and theoretical calculations (19) (20) (21) .
Photoionization time delays
In general, measured time delays can be considered as the sum of two contributions, t XUV + t A , where the first term is the group delay of the broadband excitation XUV field and the second term reflects the influence of the atomic system (15) . To eliminate the influence of the excitation pulse, two measurements can be performed simultaneously-for example, on different ionization processes (7, 8, (22) (23) (24) or in different target species (25) (26) (27) (28) . This enables the determination of relative photoionization time delays. Absolute photoionization delays can be deduced if we assume that one of the delays can by sufficiently accurately calculated to serve as an absolute reference (24) .
In nonresonant conditions, the atomic delay can in turn be approximated as the sum of two contributing delays, t A ≈ t W + t cc . The first term is the group delay of the electronic wave packet created by absorption of XUV radiation, also called photoionization time delay or Wigner delay. Wigner interpreted the derivative of the scattering phase as the group delay of the outgoing electronic wave packet in a collision process (29) . The second term, t cc , is a substantial correction to the atomic time delay due to the interaction of the laser probe field with the Coulomb potential. At high kinetic energies, t cc can be accurately calculated using either the asymptotic form of the wave function (30) or by classical trajectories (31) , which makes it possible to extract t W given t A . The subscript "cc" refers to the fact that the delay arises from stimulated IR transitions between two continuum states (30) . It is now understood that this delay is identical to the so-called Coulomb-laser coupling delay, t CLC , used in the context of attosecond streaking (31) . When multiple angular channels may have comparable amplitude (26) , as is the case close to resonances (25, 27, 32) or for low kinetic energy electrons (23), the separation of the two contributions t W and t cc may become ambiguous.
Experimental method
Femtosecond laser pulses from a titanium-sapphire laser system fed a Mach-Zehnder-like interferometer [for a complete experimental description, see (33) ]. In one arm, high harmonics were generated from neon atoms. Two sets of metallic foils were used to filter the XUV spectra: a combination of zirconium and aluminum foils, yielding a narrow band-pass filter letting through three harmonics (yellow spectrum in Fig. 1B) , and a set of two zirconium foils, filtering harmonics above 70 eV (red spectrum in Fig. 1B ). In the second arm of the interferometer, the intensity and delay of an IR probe pulse could be adjusted. Both pulses were recombined and focused by a toroidal mirror into a magnetic bottle electron spectrometer, with high collection efficiency and good spectral resolution (≤100 meV). Figure 2 illustrates the principle of our interferometric measurement when using the Al-Zr filter combination. Two-photon ionization leads to sidebands that can be reached by two pathways: absorption of one harmonic and an IR photon, and absorption of the next harmonic together with emission of one IR photon ( Fig. 2A ) (15) . Ionization of one subshell by the high-order harmonics and the IR field results in five electron peaks: three peaks due to single-photon ionization by harmonics 41, 43, and 45, and two peaks due to sidebands 42 and 44. Because for this filter set the XUV spectrum spans less than 15 eV and the difference in the ionization energies of the neon 2s and 2p subshells is 26.8 eV (11, 12) , the spectra generated from the two subshells are energetically well separated (Fig. 2B ). Figure 2C shows the variation of the spectrum as a function of the delay t between the XUV and IR fields. The intensity of the sidebands oscillates according to (8) 
Interferometric technique
where a and b are delay-independent and w denotes the IR frequency (p/w = 1.3 fs in our experiment). Our analysis consists in determining the phase and amplitude of the signal oscillating at 2w by fitting Eq. 1 to the experimental data. The delay t XUV depends only on the exci-tation pulse, which is the same for the 2s and 2p ionization paths. The difference in the photoionization time delays can therefore be obtained by comparing the oscillations of the sidebands corresponding to the same absorbed energy (e.g., S42), involving the same harmonics (H41 and H43). We note that the time delay differences that can be measured in this type of experiment should not exceed the period of the oscillations, equal to half the laser cycle, 1.3 fs. Our analysis is performed over the bandwidth of the excitation pulse, from 60 to 75 eV in the experiment with the Al-Zr filters (yellow spectrum in Fig. 1B) and from 80 to 100 eV using the Zr filters (red spectrum).
Shake-up
Following the method described in (3), we analyze the sideband oscillations across its spectrum, in steps of 50 meV. Figure 3 illustrates how this method allows us to identify shake-up processes and eliminate their influence on the 2s time delay measurement. In Fig. 3A , we indicate two competing ionization pathways leading to overlapping electron spectra: 2s ionization by absorption of H57 and emission of one IR photon (S56); 2p ionization and excitation 2p → 3p by absorption of H61. Similarly, 2s ionization by absorption of H57 and two-photon shake-up (H61 + IR) overlap. Although a number of shake-up processes come into play at photon energies above 50 eV, shake-up to the 2p 4 ( 1 D)3p( 2 P 0 ) state, with binding energy equal to 55.8 eV, is the most intense (12, 20) , reaching one-sixth of the amplitude of 2s ionization, and is thus comparable to a 2s sideband. A comparison between the photoelectron spectra with and without IR shown in Fig. 3B shows the effect of shake-up on the right side of the 2s sideband. In Fig. 3C , the amplitude and phase of the 2w oscillation, obtained by Fourier transforming the signal, is shown as a function of energy. The phase is strongly modified in the region of overlap between H61 su and S56 2s . In general, harmonic and sideband oscillate out of phase, so that, with poor spectral resolution, even a weak shake-up harmonic signal strongly influences the phase of a partially overlapping 2s-ionization sideband signal. The spectrally resolved phase of the 2p sidebands (not shown) is completely flat because this region is free from resonances or shake-up states (20) . The time delays indicated in Fig. 1A have been obtained by selecting a flat spectral region for the 2s phase determination, avoiding shake-up processes. We could also estimate the difference in time delay between shake-up and 2p ionization by analyzing the shake-up sidebands amplitude and phase (see S62 su on the right side in Fig. 3C) .
The results are shown as diamonds in Fig. 1A . The error bars are generally quite high due to low signalto-noise ratio.
Comparison of theory and experiment
The key results obtained in the present work are summarized in Fig. 1A . For the experimental results (yellow and red dots, corresponding to the spectra shown in Fig. 1B) , the indicated error bars correspond to the standard deviation from 10 spectrograms, weighted with the quality of the fitted sideband oscillations. The difference in time delay is negative, which indicates that 2p ionization is slightly delayed compared with 2s ionization and decreases as the excitation energy increases. Unfortunately, we could not determine delays at energies higher than 100 eV due to overlap between electrons created by 2s ionization with 100-eV photon energy and those by 2p ionization with 70 eV. The difference in ionization energy between the two subshells corresponds almost exactly to 17w, rendering the electrons indistinguishable with our current spectral resolution. Figure 1A also presents calculations using a many-body perturbation theory approach for the treatment of electron correlation effects (21) . Here, we calculate t A by using lowest-order perturbation theory for the radiation fields. The interaction with the XUV photon is assumed to initiate the photoionization process. The laser photon then acts perturbatively on the photoelectron to drive a transition to an uncorrelated final state, computed by solving an approximate Schrödinger equation with a static spherical potential of the final ion. Using this method with ab initio Hartree-Fock orbitals, it has been shown that the 2 of 4 atomic delay from the 2p state in neon is insensitive to interorbital correlation, whereas the coupling of the 2s orbital is advanced by a few attoseconds due to coupling to the 2p orbital (21) . Here, the calculations are improved further by using the experimental binding energies for both 2p and 2s, and the calculations are performed for averaged emission over all angles to mimic the experimental conditions. The theoretical results are indicated by the solid black line in Fig. 1A . We emphasize that the excellent agreement obtained between theory and experiment for the difference in time delays between 2s and 2p ionization requires the careful energy-resolved analysis of the experimental data presented above and the disentanglement between 2s ionization and shake-up.
Absolute photoionization time delays Figure 4 presents more details about the calculations and illustrates the different contributions to the measured time delay differences. In Fig. 4A , the black curve represents the Wigner delay t W (2p), calculated for an emission angle in the direction of the light polarization, whereas the dashed curve is the angle-averaged time delay, defined as t 1 (2p) = t A (2p) − t cc (2p). The difference between the two curves is at most 2 as, which demonstrates a small angle-dependence of the 2p time delay. Indeed, in this energy region, ionization toward the s continuum is much lower than toward the d continuum, which may justify the approximation of t 1 (2p) as the Wigner delay for the d channel but not on the level of a few attoseconds. Figure 4B shows the same quantities for 2s ionization. Here, the difference between t 1 (2s) and t W (2s) is not visible, which justifies the interpretation of t 1 (2s) as Wigner delay. The colored dots and square have been obtained by subtracting from the experimental data (see Fig. 1A ) the calculated t A (2p) for the angle-integrated case and the continuumcontinuum contribution t cc (2s), thus extracting the absolute Wigner delays for 2s ionization for the first time. The 2s Wigner time delay does not vary with energy in this region and is approximately equal to -3 as. Other calculations of the 2s Wigner delays (20, 34) agree well with our experimental result. We stress that the increase with excitation energy observed in Fig. 1A reflects essentially the energy dependence of t cc (2s) − t cc (2p), which itself is dominated by the variation of t cc (2s).
Solving a 7-year-old puzzle
We compared our theoretical results with calculations in the conditions of an attosecond streak-camera experiment-i.e., with a stronger IR field, a single attosecond pulse, and angleresolved detection (20) -obtaining agreement for the Wigner delays, the t cc , and time delay differences within a few attoseconds. Then, we carried out an energy-integrated instead of energyresolved analysis of the sideband oscillations and obtained time delay differences that were, in general, below those indicated in Fig. 1A , close to the value retrieved in (7) . This leads us to suggest that the discrepancy of the experimental result (7) with theory (19) (20) (21) might be due to the influence of shake-up processes, not resolved and accounted for in the analysis of the experiment (35) . The good agreement obtained between our experimental data and numerical calculations of the photoionization time delays from the 2s and 2p shells in neon for photon energies ranging from 65 up to 100 eV gives us confidence in this type of measurement for other, more complex, atomic or molecular systems (36, 37) and points out the necessity for keeping high-frequency resolution in addition to high temporal resolution. Our method can be improved by using longer laser pulses, allowing for the generation of trains with reproducible attosecond pulses (high temporal resolution) and narrow harmonic bandwidth (high spectral resolution), in combination with a highly stable optical interferometer and an electron spectrometer with high resolving power. The use of lasers in the mid-IR region for harmonic generation (38) will have several other advantages: broader XUV spectra (39) , better energy sampling, and access to time scales of a few femtoseconds, which will be of great interest for photochemistry applications. Our approach provides the means to study and control photoinduced processes both in the time and frequency domain from the visible to the x-ray range.
3 of 4 Fig. 3 . Energy-resolved interferometric technique and identification of shakeup process. (A) Kinetic energy diagram for 2s and 2p ionization accompanied by 2p → 3p excitation (shake-up). The difference in threshold energy for these two processes is approximately 7.4 eV (11, 17) . (B) Photoelectron spectra obtained with XUV only (blue) and XUV + IR (red). The electron peak due to shake-up induced by absorption of H61 partly overlaps with S56 from 2s ionization. The shoulder on the S56 (red spectrum) can be attributed to onephoton induced shake-up. (C) Energyresolved intensity and phase of the 2w oscillation, obtained by Fourier transforming the signal. The shake-up harmonic oscillates out of phase with the sideband, causing a sudden drop in the energy-resolved phase. The sideband originating from the shake-up state can be distinguished on the right side, allowing for a separate analysis of its time delay. (7), square] is transformed to t 1 (2s) by subtraction of the analytical t cc (2s) and simulated t 1 (2p). 
